Introduction
Pairing the amplification of DNA by polymerase chain reaction (PCR) with analysis using restriction endonucleases (RE) is a common approach used to illustrate both concepts in an undergraduate biochemistry lab. However, these experiments can be difficult to perform with large lab sections and in a limited time frame. At Xavier University of Louisiana, our 2 h and 50 min weekly lab period requires experiments that are quick for both students to complete and instructors to assemble. In addition, a typical semester has 3-6 class sections of the course with 20-24 students per section, and so cost-effective experiments are also a requirement. Many PCR-based experiments performed with such a large group of students can quickly become costprohibitive, either due to the expense associated with relatively expensive commercial reagents or the instructor time required to prepare reagents. The existing PCR/RE-based experiments in the literature designed for a more advanced course [1, 2] either were not feasible with our large class sizes [3] or did not provide an inquiry-based experience. We also noted a lack of PCR/RE experiments in the literature that are inquiry-based but that do not require students to isolate DNA as a first step.
DNA isolation is not appropriate for our student population for several reasons. Although there are a variety of commercially available kits that can be very useful for student use, our large enrollment (80-120 students per semester) makes the purchase of these kits cost prohibitive. Performing DNA isolation without these kits requires increased instructor preparation time, usually require longer periods of class time than kits, generally involves the use of hazardous reagents (e.g., chloroform and phenol), and frequently result in lower yield and/or quality of DNA [4, 5] . DNA isolation is taught in our advanced biochemistry laboratory class, which is required for all biochemistry majors. Therefore, the lack of an isolation technique in the introductory course does not negatively affect those students likely to go on to research careers.
Many of the inquiry-based PCR experiments in the literature also incorporate some aspect of primer design by the students [6, 7] . Although primer design is an excellent topic for a biochemistry laboratory, the economic realities of teaching large classes makes purchasing student-designed primers unrealistic. As with DNA isolation, primer design is taught as part of our upper level biochemistry lab. Removing both DNA isolation and primer design from our planned experiment required that it contain an easily available source of DNA to use as the template and an inquiry-based focus that was not centered on the idea of DNA mutation.
We also wanted a short experimental series that could be modified as needed due to the availability of reagents, available instructor preparation time, requirement for students to work individually or in groups, and ensuring variety to maintain interest for both students and instructors. The use of commercial reagents allows for modularity and a minimum of instructor preparation time, but increases the per-student cost. Conversely, minimizing the use of commercial reagents reduces the flexibility and modularity of the experimental approach.
Here we report on two variations of a straightforward PCR amplification and RE procedure. Both variations are inquiry-based in that they require the students to identify an "unknown." The unknown can only be determined using both the PCR product size and the results of the RE digest, requiring students to determine all possible outcomes of the experiment and then use their results to select the appropriate unknown based on a comparison to the possible outcomes. The two approaches vary in the DNA source and PCR reagents, with one using all commercially available reagents and requiring little to no instructor preparation time while the other is considerably less expensive, but does require some preparation outside of class. Both variations were equally successful in student hands, and it is also possible to combine aspects of both (e.g., commercially available DNA with less-expensive PCR reagents) to tailor an experiment to fit almost any undergraduate biochemistry or molecular biology laboratory class.
Experimental Procedures
This mini-project is presented to the students as an exploration. They must use their final results to uncover the identity of either their DNA or the primer set used, and therefore must use critical thinking skills to evaluate their data. With the combination of possible templates and reagents we describe here, it is possible for any undergraduate laboratory with access to a thermocycler to develop a PCR/RE lab regardless of class size or available instructor preparation time.
Equipments
PCR: A standard thermocycler is required for amplification. We used the Edvocycle (Edvotek).
Restriction enzyme digest: A heat block or water bath capable of reaching 378C is required. We used the Echotherm IC20 (Torry Pines Scientific).
Agarose gel electrophoresis: Any horizontal electrophoresis system and the appropriate power supply are required. We used the B1 mini electrophoresis system (Owl Scientific). Table I . Reactions are stored at 2208C until the following week. Unknown primer identification: Students are given a sample of kDNA (New England Biolabs, NCBI Reference Sequence: NC_001416.1) along with one set of the primers described in Table II .
Course Schedule and Experimental Procedures
Unknown DNA identification: Students are given one of the four different genes (HDAC8, HDAC4, HDAC7, or T4 lysozyme) in the pJExpress401 plasmid (DNA 2.0) along with primers F(CTC GAA AAT AAT AAA GGG AAA ATC AG) and R(TGG TAG TGT GGG GAC TC) (IDT DNA). Construction of these plasmids is described in detail elsewhere, but briefly the genes are E. coli codon-optimized sequences with an N-terminal NdeI restriction site and a C-terminal tobacco etch virus cleavage site, His 6 tag, and C-terminal XhoI site. HDAC4 and HDAC7 genes contain only the gene sequence for the catalytic domain of the proteins, analogous to HDAC8. The T4 lysozyme construct contains several lysine-to-arginine mutations that have no affect for the experiments described here except that AgeI sites present in the naturally occurring T4 lysozyme gene were thereby eliminated. The pJExpress constructs and the associated sequences are available upon request.
Class 2: Students split their amplified reaction into three tubes and restriction enzymes are added to two of the three tubes (Tables III and IV) . Partially diluted RE mixes containing the appropriate amount of enzyme and buffer are either prepared by the instructor before class or purchased as premixed solutions (New England Biolabs) and added to the student samples after the amplified DNA is diluted. Restriction digests are allowed to proceed at 378C for 30-45 min before the addition of 63 loading dye.
Results and Discussion
This experiment is designed as a two-part series primarily due to the time required for amplification. However, we have tested modifications to the annealing and extension times used when amplifying the pJExpress inserts and have found it is possible to significantly shorten the amplification time (data not shown). The first week is reserved for the PCR amplification and the second for restriction digest and electrophoresis of the resulting PCR product (Table V) . Because assembling the components of PCR is not incredibly time-consuming, we use the majority of the time during the first part of this series assisting the students as they work out a set of serial dilutions in order to add the correct amount of DNA to the reaction. There is also time within this laboratory period to calculate restriction digest results for all variations of the unknown (DNA or primer) so that the instructor can provide assistance. Depending on the experience level of the students, much of this work could be done outside of lab if it is necessary to include other activities into the class.
Most of the students enroll in our course as third-year students, after having completed a year of general TABLE II   TABLE III Johanson and Watt chemistry, organic chemistry, and usually a year of general biology. Typically these students have not completed any courses that cover molecular biology or biochemical methods in significant detail, although some biology majors have completed more advanced biology course that do partially overlap in content. The students are almost entirely chemistry, biochemistry, and biology majors, although premedical students from other majors occasionally enroll as well. Because our students, in particular the chemistry majors, have had very little experience with PCR or restriction digest prior to this laboratory, we find it more efficient to provide time for these calculations in class. In addition, this laboratory course operates in many ways as an independent unit from the associated lecture course, and so we must find creative ways to teach and reinforce concepts specific to the experiment within the short timeframe of each lab meeting. Students enrolled in the laboratory course are required to either enroll concurrently in the Introduction to Biochemistry lecture course or have successfully completed the lecture course. The lecture course does not expose students to the experimental approaches used in the lab but does introduce the relevant concepts (e.g., DNA structure and restriction endonucleases) prior to or concurrent with their use in lab. As the goal of this laboratory course is to provide a project-based experience for students, it is not designed or meant to reinforce lecture concepts. Calculation of the serial dilution required in order to add the appropriate amount of DNA to the PCR is by far the most difficult for our students. We assess student learning over the semester using a matched pre-/post-test system. The pre-test is given early during the first class meeting and the post-test is a subset of questions asked on a final exam near the end of the semester. All questions are short answer format and are closely matched, varying slightly in detail that do not affect the difficulty or student interpretation of the questions (e.g., different concentrations of reagents on the pre-test and post-test). In the pretest, fewer than 25% of student can correctly apply C 1 V 1 5 C 2 V 2 to solve a simple solution preparation question, despite encountering dilutions in almost every chemistry or biology course prior to our introductory biochemistry course. We attempt to overcome this roadblock by working dilutions into as many steps of our laboratory protocols as possible. We are also using the pre-test data as a baseline with which to evaluate a recently initiated process of working with faculty teaching prerequisite laboratory courses to try to identify changes that can be made in those earlier courses to improve the students' retention of content and ability to apply the concept across semesters.
In the PCR exercise, students are given a stock DNA solution that is 50-200-fold more concentrated than the desired final concentration in the reaction, which means that direct addition of the correct amount of DNA template to the PCR mixture is not possible without resorting to volumes well below 0.5 mL. The students are instructed to dilute this stock, so that a set amount (10-50 ng) of DNA can be added to the PCR in a volume of 1 mL or greater. This lab falls in week 4 in our experimental schedule, and the students are more comfortable by this point with the PCR product size and restriction digest fragment sizes of unknown DNA a Thermocycling requires about 3 h but can be done after the laboratory period has ended.
b Agarose gels can be poured during the restriction digest incubation; therefore, this time overlaps with that activity .   TABLE IV   TABLE V Biochemistry and Molecular Biology Education standard dilution equation. However, they still struggle with both translating the results of this equation into an action and using this equation to solve a problem in which there is more than one unknown variable (i.e., the final concentration of the diluted solution and the volume of this new solution that should be added to the PCR). The majority of this laboratory period is spent assisting the students as they correctly calculate the dilution (Table V) .
In the second week, students set up two separate restriction digests with their PCR product and analyze the result of these digests as well as the original PCR product on an agarose gel. Students then compare the results obtained from their gel to the possible results and determine the identity of their unknown. The emphasis on dilution is continued as students are asked to calculate the amount to 63 loading dye required to add to their digest or PCR product. By running multiple student samples on a single agarose gel, we are able to accommodate 30-36 samples (3 samples per groups and 10-12 groups) using only three mini horizontal electrophoresis systems.
We have tested two different protocols, with each having an advantage if supply funds and/or instructor preparation time is limited. There are other possible variations that exist with our tested reagents as described below, all of which require students to determine how to prepare appropriate reaction mixtures, predict all possible outcomes, and interpret their results to match to one of those outcomes. Both protocols produce reliable results and only 10-15% of students end the series without collecting usable data, due primarily to student errors when setting up the PCR. If a student has a successful PCR, then there is an over 95% success rate with restriction digest. Errors during PCR are unavoidable and can generally be attributed to a mistake during the addition of DNA and/or primers to the reaction.
Student calculations are checked in order to ensure they have a correct dilution calculation, but as mentioned above, many still struggle with translating this calculation into an action. It is likely that the success rate could be brought to nearly 100% if there was an opportunity for students to repeat the PCR and analysis, paying closer attention to the assembly of the reaction the second time. However, this solution or any other sort of "practice" run of the experiment to eliminate these mechanical errors does not fit within our limited time available for the experiment.
Unknown Primer Set
Here the students are all given a sample of kDNA and a primer set designed to amplify one of the three different regions (Table II) . The lab protocol (Supporting Information) supplies them with the region amplified by each primer set as well as the EcoRI and HindIII sites in the entire kDNA genome. Students calculate the expected product sizes from each of the three primer sets as well as the possible EcoRI and HindIII fragments that would result from each amplified region (Table III) . This setup has the advantage of requiring no instructor time to prepare DNA as kDNA is commercially available from a variety of sources. This version of the experiment was used in five semesters with 15 sections containing a total of 288 students. As shown in Fig. 1 , the identification of the primer set used cannot be determined by observing only the PCR product size. Although none of the products are of identical size, they are similar enough (Table III) that students are not able to verify identity when observing only their results (compare lanes 1, 6, and 10 in Fig. 1) . The results of the EcoRI digest provide some information to students with primer set 2, as the expected bands are slightly smaller than those with either primer set 1 or 3 (Table III) . However, because all EcoRI digests are expected to give two Student amplification and restriction digest of kDNA analyzed by agarose gel electrophoresis. Representative gels from two independent student groups are shown here. The (New England Biolabs) 1 kb DNA ladder is shown in lanes 4, 5, and 9. PCR product from amplification of kDNA using primer set 1 (lane 1), primer set 2 (lane 6), or primer set 3 (lane 10) is shown along with the respective EcoRI digest (lane 3, 7, and 11) and HindIII digest (lane 2, 8, and 12) results. After amplification, products were incubated at 37 8C with the appropriate restriction enzyme, then electrophoresed on a 0.8% agarose gel in 13 TBE for 30-45 min at 130 V. The addition of GelStar allowed for image capture under UV light using the Gel Logic camera.
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Johanson and Watt products, it is impossible to use these results alone to determine the primer set identity (Fig. 1, compare lanes 7  and 11) , although the bands obtained from EcoRI digest of the region amplified with primer set 1 often do not separate well (Fig. 1, lane 3) . Students can begin to make an initial determination of their primer set based on careful examination of the product size and EcoRI digest results. The HindIII digest results of each amplified region are different enough that they allow for a final confirmation (Fig.  1, compare lanes 2, 8, and 12) . As with the EcoRI digest, one HindIII digest results in similar sized bands that do not separate well (Fig. 1, lane 8) .
The choice to amplify these particular regions of kDNA was based on the identification of common restriction sites, but with different digest pattern resulting with each region. This is a very flexible experimental design as there are many other regions of kDNA that could be amplified in a similar experiment and even different restriction enzymes that could be used in our amplified region (e.g., BglII). The commercial availability of kDNA makes it a good DNA source for teaching labs that do not have the means or time available to isolate plasmid DNA from bacterial cultures.
Unknown DNA
Here the students are given one of four pJExpress plasmids containing different inserts, and a common set of primers able to amplify all inserts. As with the unknown primer experiment, students use the list of possible amplification sites to calculate the product sizes and the RE sites (AgeI and BstEII, see Table IV and Supporting Information) in each possible product. This version of the experiment has been used in five semesters with 15 sections and a total of 296 students. Figure 2 shows the representative gel from student-run reactions containing each of the possible DNA templates. The pJExpress plasmids were amplified with both 23 mix and the ready-to-go PCR bead. The choice of 23 master mix over the ready-to-go PCR bead is dependent on the supply budget and time available for preparation by the instructor. Both reagents work equally well with a variety of template/primer combinations (data not shown).
As with the unknown primer experiment, the identification of the unknown DNA cannot be made from the product size alone (Fig. 2) . Amplification of three out of the four templates (HDAC4, HDAC7, and HDAC8) results in products that differ in size by <100 bp (Table IV) . These products look identical on the 1.5% agarose gel (compare lanes 1, 5, and 8 in Fig. 2) . The fourth template, T4 lysozome, does give a product size that can be distinguished from the rest. However, this difference is only immediately apparent when the product (Fig. 2, lane 11) is resolved on a gel that also contains one of the HDAC products (Fig. 2, lane 14) . Restriction digest of the products allows student to narrow down their unknown, either by observing a lack of an AgeI site within their product (HDAC7 and T4 lysozyme in Fig. 2  lanes 3 and 12, respectively) or comparing the AgeI digest results. As shown in Fig. 2 , the products obtained from AgeI digest of HDAC4 (lane 9) and HDAC8 (lane 6) are of very different sizes. The BstEII digest results can be used to confirm the identity of the unknown DNA as all four regions result in different restriction patterns (Fig. 2, compare  lanes 2, 7, 10, and 13 ). An example of the reproducibility of these results among different groups of students can be seen by comparing lanes 8-10 and 14-16 in Fig. 2 , as both were obtained from the use of HDAC4 DNA. Finally, Fig. 2 also illustrates an unsuccessful student experiment (lanes 18-20). Very faint bands can be observed in lanes 18 and 19, indicating that the DNA was either diluted too much prior to amplification or while adding the 63 loading dye. Our choice of genes and plasmid was based on material that was conveniently available; the approach described here should be applicable to a wide range of alternate and 14) , or T4 lysozyme variant (lane 11) is shown along with the respective AgeI digest (lane 3, 6, 9, and 15, and 12) and BstEII digest (lane 2, 7, 10, and 16, and 13) results. After amplification, products were incubated at 37 8C with the appropriate restriction enzyme, then electrophoresed on an 1.5% agarose gel in 13 TBE for 25-35 min at 150 V. The addition of GelStar allowed for image capture under UV light using the Gel Logic camera.
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vectors and/or genes provided that a simple set of restriction enzymes can be used to differentiate the constructs.
Interpretation of Results
Although the experiment has a high success rate, the success rate of unknown identification by the students is slightly lower, with 80% of students correctly identifying their unknown. Errors in identification are due to an inaccurate estimation of band sizes or a lack of clarity about how to interpret the gel image. We have attempted to address the latter by urging the students to calculate all possible band sizes, then discussing how those might appear on the gel. Both experimental variations provide a chance to discuss the limitations of agarose gel electrophoresis. For example, both experimental approaches result in bands that do not separate well using an agarose percentage compatible with the full range of sizes (e.g., 2388 and 1970 bp, or 722 and 737 bp). There are also bands that are too small (e.g., 39 bp) to be visible on the gel. Even with these limitations, the digest results are clear enough to allow identification of the unknown. Very few unknowns can be identified on the basis of the PCR product size alone, which requires that students use all their results in the determination of the unknown.
Student Performance
To assess student learning about the concepts involved in the experimental process (rather than simply whether or not they were able to correctly identify the unknown, which is assessed through written reports), during the final semester of implementing the unknown primer experiment,
we began utilizing open-ended questions on a pre-test given the first day of the semester and matched questions on the final exam (neither pre-tests nor final exams are returned to students). Students were judged as understanding the concept if their final answer contained no more than one minor error unrelated to the overall concept (e.g., arithmetic error after a completely correct written setup). Prior to this experiment, students have only limited knowledge of how to calculate the product size from amplification of a specific region or the band that would result from digestion with a specific RE. By the end of the semester, student's performance on this type of question has improved significantly (Table VI) . The improvement in this type of question can be attributed entirely to this experiment. Students also improved substantially in their understanding of how to execute dilution calculations (Table VI) , although this effect can only be partially attributed to this experiment due to the use of dilution calculations throughout the semester. Either experimental approach is equally effective at achieving these learning gains.
An anonymous survey was used to collect student opinions about the experimental series at the end of the semester and was completed by the majority of students for each of six semesters (one semester of the unknown primer set approach and five semesters of the unknown DNA approach). The responses indicate that nearly half of all Johanson and Watt students feel that they have gained a "good" or "great" improvement in their understanding of relevant techniques (Table VII) , which can be attributed entirely to this experiment. Additional related questions, which are also impacted by the other experiments during the semester, indicate that most students feel they have made "good" or "great" gains in their ability to solve numerical problems and interpret experimental results. Students' comments on open-ended questions on the survey also reflect gains in learning and appreciation for the inquiry-based approach. For example, "This course has helped me understand that biochemistry is essential to understanding genetics, which is what I research outside of school." Another student commented, "It gave more in depth understanding of biological systems rather than this is DNA and this is RNA." And a third, "This gave me hands-on experience on how to analyze DNA which I thought was awesome." In addition, some students also explicitly commented on improvements in understanding of dilutions, such as, "This course has made dilution calculations very clear for me. Even though I had already taken the General Chemistry Labs, I was not so informed about dilution calculations until I took this class." In summary, we have developed two inquiry-based experimental approaches for introducing students to the principles of PCR and restriction digests, avoiding simple cookbook methods while still retaining adequate simplicity to be applicable to large course sections managed by individual instructors. Both approaches significantly improve students' ability to apply relevant concepts and solve related problems. The framework we describe here could also be used in a more advanced laboratory course with students performing the isolation of the pJExpress variants from E. coli, by simply adding a DNA isolation step prior to PCR.
PCR (unknown primer set)
Objectives: A) To amplify a region of DNA using PCR.
Introduction:
In the first half of this experiment, you will explore the use of polymerase chain reaction (PCR) to amplify a region of DNA. During class, your instructor will give you additional information about the DNA you will be amplifying. In the second half, you will analyze your product using restriction endonucleases (also called restriction enzymes or REs). Your instructor will discuss aspects of both labs in the first pre-lab lecture. You should read over the protocols for both labs and the assigned readings in the lab manual before beginning in order to understand the sequence of events.
PCR amplification of DNA:
You will be using Ready-To-Go PCR beads to set up your reactions. These thermostable beads contain all components needed for the reaction with the exception of the DNA template and primers. Each group will receive one tube containing a PCR bead. Only your final mixture of DNA and primers should be added to this tube.
You will also be given a primer mixture containing both a forward and reverse primer, each at a concentration of 20 µM. Next week, you will analyze your PCR product to identify your unknown DNA fragment. Your instructor will provide you with the information necessary to calculate the products that might result from this week's PCR.
1.
Obtain an aliquot of DNA from your instructor. This DNA is at a concentration of 200 ng/µL.
2.
Calculate the dilution needed to add 50 ng of DNA to your PCR with a final volume of 30 µL. (You will need to make a serial dilution in order to pipet accurately.)
3.
Obtain a tube of 20 µM unknown primer mixture from your instructor.
4.
Calculate the volume needed to add 25 pmol of mixture to your PCR.
5.
In a separate tube, mix DNA, primers, and MilliQ H2O to a final volume of 30 µL.
6.
Add 25 µL of the mix to the tube containing the PCR bead. Ensure the bead is at the bottom of the tube before adding your solution, and do not touch the bead with your pipet tip.
7.
Mark your drawer number on the top of the PCR tube.
8.
Place your reaction into the thermocycler and make a note of the program used in your lab notebook.
9.
Determine the expected product size(s) for your reaction. Next week, you will analyze your PCR product and RE digest using an agarose gel and determine the fragment size(s).
Objectives: A) To analyze an amplified region of using restriction enzymes. B) To identify the DNA amplified based on the PCR and restriction digest results.
Introduction:
In today's experiment, DNA amplified in the previous class will be digested with a restriction enzyme. The restriction pattern then will be electrophoretically analyzed to identify your amplified DNA. We will use two Type II restriction enzymes; the specific information about these enzymes and the location of the RE sites in the amplified DNA was provided to you.
As an aid in determining the length of time the gel should be run, a tracking dye will be added to the samples. The mixture contains bromophenol blue (BPB; dark blue color) and xylene cyanol (XC; medium sky blue). The BPB runs at a rate that is approximately equal to a 500-bp DNA fragment; XC's migration is similar to a 4000-bp fragment.
PCR (unknown DNA) Objectives
A) To amplify a region of DNA using PCR. B) To learn how to calculate fragment sizes of digested DNA.
Lab Introduction
The experiment this week and next week are linked. This week, you will explore the use of polymerase chain reaction (PCR) to amplify a region of DNA. The following week, you will analyze your PCR product using restriction endonucleases (also called restriction enzymes or REs). You should read over the introductions and protocols for both labs and the assigned readings in the textbook before beginning this experiment in order to understand the sequence of events.
You will be using a 2X Taq polymerase master mix to set up your reactions. This master mix contains contain all components needed for the reaction (polymerase, dNTPs, buffer) with the exception of the DNA template and primers. You will add a primer mixture (containing both a forward and a reverse primer) and template DNA containing an unknown gene to the master mix and then perform a PCR to amplify the template DNA.
Next week, you will analyze your PCR product to identify your unknown gene. The information in Table 1 is required to determine both the size of your possible PCR products and the possible fragments that result for each template. 
Reagents and Supplies
Ultrapure H2O: available in 15 mL tubes on the stock bench.
PCR tubes: available on the stock bench.
DNA template, primer mixture, and 2X PCR mix: your instructor will provide these after you complete the necessary calculations.
Experiment Safety
Closed top shoes and appropriate clothing required. Lab coat recommended.
Experiment Protocol
As with the previous experiment, values given below as _____ are values that you should fill in before class as part of your pre-lab. Values given as [_____] (a blank in square brackets) are values that you will fill in during class, based on information provided to you by your instructor or results from earlier experimental steps. This is the last time you will be reminded to fill in ____ values before class (in your lab notebook), but should always do so for all remaining experiments this semester.
